ABSTRACT Cancer deaths are primarily caused by metastases, not by the parent tumor. During metastasis, malignant cells detach from the parent tumor, and spread through the circulatory system to invade new tissues and organs. The physical-chemical mechanisms and parameters within the cellular microenvironment that initiate the onset of metastasis, however, are not understood. Here we show that human colon carcinoma (HCT-8) cells can exhibit a dissociative, metastasis-like phenotype (MLP) in vitro when cultured on substrates with appropriate mechanical stiffness. This rather remarkable phenotype is observed when HCT-8 cells are cultured on gels with intermediate-stiffness (physiologically relevant 21-47 kPa), but not on very soft (1 kPa) and very stiff (3.6 GPa) substrates. The cell-cell adhesion molecule E-Cadherin, a metastasis hallmark, decreases 4.73 5 1.43 times on cell membranes in concert with disassociation. Both specific and nonspecific cell adhesion decrease once the cells have disassociated. After reculturing the disassociated cells on fresh substrates, they retain the disassociated phenotype regardless of substrate stiffness. Inducing E-Cadherin overexpression in MLP cells only partially reverses the MLP phenotype in a minority population of the dissociated cells. This important experiment reveals that E-Cadherin does not play a significant role in the upstream regulation of the mechanosensing cascade. Our results indicate, during culture on the appropriate mechanical microenvironment, HCT-8 cells undergo a stable cell-state transition with increased in vitro metastasis-like characteristics as compared to parent cells grown on standard, very stiff tissue culture dishes. Nuclear staining reveals that a large nuclear deformation (major/minor axis ratio, 2:5) occurs in HCT-8 cells when cells are cultured on polystyrene substrates, but it is markedly reduced (ratio, 1:3) in cells grown on 21 kPa substrates, suggesting the cells are experiencing different intracellular forces when grown on stiff as compared to soft substrates. Furthermore, MLP can be inhibited by blebbistatin, which inactivates myosin II activity and relaxes intracellular forces. This novel finding suggests that the onset of metastasis may, in part, be linked to the intracellular forces and the mechanical microenvironment of the tumor.
INTRODUCTION
Metastasis, the spread of cancer cells from the primary tumor and invasion to new sites, is responsible for 90% of cancer mortality (1) (2) (3) . Successful identification of metastasis-triggering signals is critical for the design of novel antimetastasis therapeutics. Unfortunately, the signals and associated molecular mechanisms regulating metastasis remain enigmatic to date (3) (4) (5) . It has been long believed that, in addition to intrinsic genomic alterations of tumor cells, the progress of malignancy also can be driven by extrinsic microenvironment cues, such as matrix metalloproteinase proteases released by activated stromal cells (6, 7) , persistent inflammation associated with tissue wounding (8) (9) (10) (11) , and the loss of apicobasal polarity in surrounding epithelial cells (12, 13) . The relative contribution of these extrinsic and intrinsic cues, however, as well as the influence of the mechanical microenvironment on the regulation of tumor disassociation and metastasis, is not known.
Increasing evidence indicates the mechanical microenvironment plays a critical role in regulating tumor cell responses (14, 15) . Tumor cells sense, process, and respond to mechanical signals from their surroundings using a coordinated, hierarchical mechano-chemical system composed of adhesion receptors and associated signal transduction membrane proteins, the cytoskeleton, and molecular motors (5, 16) . For example, mammary epithelial cells form normal acinar parenchyma when cultured on substrates of physiological stiffness but display the structural and transcriptional hallmarks of a developing tumor when cultured on extracellular matrices (ECMs) of stiffness resembling tumor stroma (17) . When in vivo proliferative and dormant breast cancer cells are cultured on two-dimensional in vitro plastic dishes, they readily proliferate regardless of their in vivo behavior. Surprisingly, when these same cells are grown in a threedimensional culture matrix, they show distinct growth properties that correlate with their dormant or proliferative behavior at metastatic sites in vivo (18) . There is no evidence, however, that shows a metastasis-like phenotype can be triggered by mechanical cues when cancer cells are cultured on a two-dimensional substrate in vitro. Here, and to our knowledge for the first time, we report experimental evidence indicating human colon carcinoma (HCT-8) cells can exhibit a metastasis-like phenotype (MLP) in vitro when cultured in the presence of an appropriate two-dimensional mechanical microenvironment. The term, MLP, is used, because the cells exhibit several in vivo metastatic characteristics, such as dissociation from parent colonies, sustained proliferation and increased motility, downregulation of E-cadherin expression, reduction of cell adhesion (both specific and nonspecific) and the stable cell-state-transition (1) (2) (3) 7, (19) (20) (21) (22) . This in vitro metastasis-like phenotype raises the possibility that the in vivo mechanical-force balance between cellular structures and external microenvironment may serve as a signal to trigger the onset of metastasis. 
MATERIALS AND METHODS

Cell culture
RESULTS
Metastasis-like phenotype on 21-47 kPa gels
We examined human colon carcinoma (HCT-8) cells cultured on four substrates of different mechanical stiffness. Polyacrylamide (PA) gels were strategically prepared to have varying stiffness: 1.05 5 0.17 kPa, 20.73 5 1.03 kPa, and 47.05 5 1.86 kPa, to mimic a wide range of physiological mechanical microenvironments (23, 24) . A quantity of 1.05 5 0.17 kPa was used to mimic mammary gland, lymph node, brain, and breast tissues, with stiffness ranging from 0.1 to 2 kPa (17, (24) (25) (26) . A stiffness of 20.73 5 1.03 kPa were used to mimic embryonic myocardium, muscle, lung, normal, and fibrotic human liver, with stiffness ranging from 9 to 25 kPa (27) (28) (29) (30) (31) . A quantity of 47.05 5 1.86 kPa was used to mimic in vivo cartilage (32, 33) . Because most routine cell culture is performed on polystyrene culture dishes (Elastic modulus:~3.6 GPa), polystyrene served as the fourth substrate. All substrate stiffnesses were measured by an atomic force microscope (Asylum Research, Goleta, CA) (34) (see Fig. S1 in the Supporting Material). All substrates were functionalized with fibronectin or laminin ECMs. Two cell densities were used for culture, 150,000 cells/cm 2 , and 50,000 cells/cm 2 . On 21 kPa and 47 kPa gels, HCT-8 cells attach to substrates, divide, adhere to each other, and form cell colonies ( Fig. 1 a) in 2-4 days. Each colony consists of hundreds to thousands of well-attached cells, depending on initial seeding density. The colony size on 47 kPa gels is consistently larger than that on 21 kPa gels. On 1 kPa gels, cells do not spread but remain rounded, possibly due to a lack of traction (35, 36) , and occasionally form small colonies (Fig. S2 a) . On hard polystyrene substrates, the cells reach 100% confluence by the end of two days (Fig. S3 a) . After seven days of culture on 21 kPa and 47 kPa gels, mitotically competent and motile single cells begin to disassociate and migrate away from the cell colonies (Fig. 1 b) . The dissociated cells lose their epithelial phenotype and display spherical shapes with a shape factor of 0.92 5 0.03 (Fig. S5 ). These cells also retain full viability when examined by dye exclusion live-dead assays (Fig. S4) . Within two weeks of culture on 21 kPa gels, 70~90% of the cell colonies completely disassociate into numerous single cells ( Fig. 1 c,  Fig. 2 d, and Movie S2 in the Supporting Material). No cell disassociation was found on hard polystyrene substrates ( Fig. 1 d and Fig. S3 ) or very soft 1 kPa gels (Fig. S2) . The cell dissociation phenotype was observed on both fibronectin-and laminin-coated substrates, but the time to the onset of dissociation was different-seven days for fibronectin, and 15 days for laminin. MLP occurrence and time for its initiation is independent of original HCT-8 cell passage number; however, the use of lower passage HCT-8 cells resulted in a larger percentage of disassociated cells. At the seventh day of culture, 100% of the colonies dissociate from HCT-8 cells with passage 6, whereas only 5% of the colonies dissociate for cells with passage R43. However, after extended duration of culture, most colonies dissociate. Continuous video imaging ( Fig. 2 and Movie S1) shows that once dissociation starts, it takes 5-10 h for the colony to be completely dissociated, a process that is much faster than that of colony formation (2-4 days). After disassociation, these cells extrude long filopodia (Fig. 2 d) and migrate away in a random fashion (Fig. 2 a and b) . Their maximum migration speed measured was 0.9 5 0.2 mm/min (n ¼ 25). They come to a halt during cell division, after which the daughter cells remain associated on the top of the mother cell temporarily (Fig. 2 c, insets) . Furthermore, the cell population increases dramatically after disassociation (Fig. 2 , c and d). Normal, noncancerous epithelial (Ma104) or bovine endothelial cells cultured under the same conditions as described above, show cell colony formation, but no cell dissociation (Fig. S6 ).
MLP is inhibited by blebbistatin treatment
Blebbistatin was applied at 2, 5, and 10 mM concentrations after the HCT-8 cells were plated for 12 h on 21 kPa substrates. No cell dispersal was observed after nine days of culture with 5 and 10 mM concentration of blebbistatin, when 31.2 5 7.2% of the untreated cell clusters (control) dissociate. Only~4.6 5 4.0% of the clusters dissociate with 2 mM blebbistatin after nine days of culture (see details in the Supporting Material and Fig. S10 ).
Cortex actin versus F-actin stress bundles
The three-dimensional actin cytoskeleton of HCT-8 cells was visualized using laser-scanning confocal microscopy after fixing and phalloidin-rhodamine immunocytochemical staining. We found that before dissociation, cell colonies on PA gels show well-defined actin networks near the substrate. The network spans the entire colony ( Fig. 3 a1) . HCT-8 cells in the uppermost layer of the cell colonies display cortical actin around the cell membrane, but no intracellular stress bundles (Fig. 3a3) . Cells cultured on hard polystyrene substrates (which do not dissociate) show well-aligned actin stress bundles within individual cells (Fig. 3 c) , implying large intracellular tension forces. This is expected from earlier studies which showed a correlation between substrate stiffness and intracellular forces as well as actin polymerization (37) . After disassociation, HCT-8 cells on PA gels show only cortical actin structures, and no actin stress bundles ( Fig. 3 b) , implying low intracellular and cell-substrate forces. These observations suggest that low intracellular forces exist in cells on 21~47 kPa substrates before dissociation compared to those experienced by monolayer cells in contact with a hard polystyrene or glass substrate. Surprisingly, disassociated HCT-8 cells when recultured on hard polystyrene substrates also show less filamentous actin (by 1.8 5 0.1 times) than the original HCT-8 cultured under the same condition (Fig. S7) .
Nucleus stretching on different stiffness substrates
Because the cell nucleus and actin filaments are physically linked (38) , and the cell nucleus can be stretched by actin filament tension (39,40), we measured nuclear stretching using DAPI staining of HCT-8 cell nuclei in cells grown on both 21 kPa gels and stiff polystyrene substrates (Fig. 3d10) . A nucleus stretching factor was defined as the length ratio of elliptical major axis/minor axis. We found that the nuclei in HCT-8 cells on stiff polystyrene substrates are stretched (Fig. 3 d1-d4 ) with a nucleus stretching factor (major/minor axis ratio) of 2. 
E-Cadherin is reduced in dissociated cells
E-Cadherin is an essential cell-cell adhesion molecule. It has been consistently found that E-Cadherin expression decreases in metastatic cells (7, 20) . Therefore, it is, regarded as a clinically useful tumor malignancy marker. We examined the pattern of E-Cadherin immunofluorescent staining in colony-associated and disassociated HCT-8 cells. E-Cadherin in disassociated HCT-8 cells shows a weak pattern on the cell membrane (Fig. 4 a2) . In colony-associated cells it appears as continuous and dense lines along cell-cell contact borders (Fig. 3 a1) . Confocal microscopy was used to quantify the E-cadherin density per unit membrane area (see flow chart in Fig. S8 ). We found that the disassociated cells downregulate their surface E-Cadherin expression by 4.73 5 1.43 times compared to their counterparts in cell colonies (Fig. 4 a) . When the disassociated cells were harvested, recultured on hard polystyrene substrates, and their E-Cadherin expression reexamined (Fig. 4 b) , we found they retained their downregulated surface E-Cadherin expression (by 4.86 5 1.91 times) compared to the nondisassociated cells (Fig. 4 b1 and b2) . These data imply that E-cadherin expression in the disassociated cells cannot be restored by reculturing on a stiff substrate.
Homotypic cell-cell adhesion rate is decreased after transition to MLP Specific homotypic cell-cell adhesion rates for HCT-8 cells before and after plating on 21-47 kPa substrates (before and after disassociation) and normal Ma104 cells were compared using a Coulter counter assay as previously described (41) . In all cases, the cells were harvested from either polystyrene or PA surfaces, individualized by trypsin treatment, and allowed to recover from trypsinization under the same incubation conditions before measuring intercellular adhesion rates (see the Supporting Material and Fig. S9 ) The Coulter counter measures the rate and extent of cell adhesion by quantifying the reduction in the number of single cells in suspension as cell aggregates form. Interestingly, disassociated HCT-8 cells (harvested from PA substrates) displayed a markedly lower extent and rate of cell-cell adhesion as compared to the original HCT-8 cells cultured on hard polystyrene substrates (Fig. 5 b) . After 120 min of incubation, 84.8 5 4.0% of the disassociated HCT-8 cells remained as single cells, in contrast to 37.6 5 6.1% of original HCT-8 cells and 6.1 5 0.4% of normal Ma104 cells (Fig. 5 a) . Furthermore, this reduced cell-cell adhesion is independent of passage number. (Note that cells in suspension regain 40% of adhesion within 1 h and 80% within 3 h, and the rest of the adhesion takes~18 h (42) . The rate of adhesion is best measured within the first 3 h of suspension. It is this rate in which we are presently interested.) This rather remarkable result, showing the cell-cell adhesion capacity of HCT-8 cells is nearly absent after they disassociate from cell colonies, is also consistent with our finding of a pattern of reduced E-Cadherin expression (Fig. 4 a) . Taken together, these results strongly support the hypothesis that HCT-8 cells downregulate cell adhesion molecules in response to mechanical cues they experience while growing on intermediate-stiff, but not very stiff, substrates. The reduction in cell adhesiveness was also seen when nonspecific adhesion forces between HCT-8 surfaces and SiO 2 -coated Bio-MEMS probes were measured (Fig. 5 c and the Supporting Material).
The metastasis-like-phenotype is stable
To explore whether the HCT-8 cell transition to the MLP is reversible when cells are reexposed to hard substrates, we harvested the disassociated HCT-8 cells after 14 days of culture on 21 kPa PA gel substrates by two independent methods: The cells were replated onto both fresh 21 kPa PA gels and hard polystyrene substrates. Surprisingly, we found the disassociated HCT-8 cells retain their disassociated phenotype regardless of the degree of stiffness of the new substrates and the method of harvesting (Fig. S11) . This response to the substrate stiffness is completely opposite to that of the original HCT-8 cells maintained on polystyrene culture dishes ( Fig. 1 a and Fig. S11 ). Besides the loss of response to substrate stiffness, the disassociated HCT-8 cells consistently maintained the disassociated phenotype after three additional passages in culture on polystyrene dishes. In addition, comparison of the E-Cadherin staining of both the original HCT-8 cells and harvested disassociated HCT-8 cells replated on polystyrene substrates showed a marked loss of E-Cadherin (reduced 4.86 5 1.91 times) in the replated dissociated HCT-8 cells (Fig. 4 , b1 and  b2) . These results suggest that exposure of HCT-8 cells to the intermediate stiff mechanical microenvironment (21~47 kPa) has stably, perhaps irreversibly, locked them into a MLP that is more characteristic of a dissociative rather than associative (monolayer) or anchorage-dependent cell growth. While culture on hard substrates (polystyrene) preserved the original HCT-8 cells' associative cell growth phenotype typical of in vitro epithelial monolayers for >50 passages, a single exposure to PA substrate triggered these cells to transition to a new, dissociative, MLP cell state in only seven days. The results of these harvest-and-reculture experiments also imply that HCT-8 cells became disassociated in response to specific mechanical signals, rather than nonspecific degradation of local microenvironments during long-term in vitro culture.
Inducing E-Cadherin expression in MLP cells restores the non-MLP phenotype partially
To examine further the role of E-Cadherin in regulating the expression of MLP, we overexpressed E-Cadherin in MLP cells to explore whether the dissociated HCT-8 cells can form colonies again, i.e., whether the MLP can be reversed. For these experiments, we employed a lentivirus infection system to restore the E-Cadherin expression in dissociated HCT-8 cells displaying the MLP (see the Supporting Material and (43)). The majority (90-100%) of these dissociated HCT-8 cells were successfully transduced, as judged by expression of red fluorescent protein (Fig. 6 a1-a6) . Western blotting experiments show that E-Cadherin protein expression in the virus-infected, dissociated HCT-8 cells was upregulated by~3.58-fold (Fig. 6 b) , which is equivalent or slightly higher than the amount of E-Cadherin expressed on original HCT-8 cells (Fig. 6 e) . Approximately 60% of these cells displayed a somewhat flattened or epithelial shape (E cells) as compared to control dissociated HCT-8 displaying the MLP where >95% the cells were of the round form (R cells) when cultured on hard plastics (Fig. 6, d and e) . The remaining 40% of these cells remain as R cells (Fig. 6 d3) . In addition, unlike the original HCT-8 cells (Fig. 6d3) , these E-Cadherin upregulated dissociated cells do not form the typical monolayers with merged cell boundary on hard polystyrene substrates, but remain as individual cells even as they grow to confluency (Fig. 6 d2) . On 21 kPa PA gels, they partially form some clusters (Fig. 6d5) , but the cells within the clusters seem to be separate from one another. These clusters are clearly distinct from those formed by original HCT-8 cells (Fig. 1 a and  Fig. 6. 6 d6) .
To explore further the effect of E-Cadherin upregulation, we compared homotypic cell-cell adhesion kinetics of dissociated HCT-8 cells with and without E-Cadherin upregulation. We found the rate of cell-cell adhesion increased nearly fivefold after E-Cadherin upregulation in dissociated HCT-8 cells, from À0.05 to À0.26 (Fig. 6 c) . The extent of cell-cell adhesion, after 120 min of incubation, was 11.3 5 4.4% for dissociated HCT-8 cells as compared to 52.8 5 6.3% after E-Cadherin upregulation. The adhesion-rate regression analysis indicates that after E-Cadherin upregulation, 100% recovery of adhesion in HCT-8 R cells is reached A similar increase in cell adhesive rate and extent was also seen in the original, nondissociated HCT-8 cells after E-Cadherin upregulation (Fig. 6 c) . These results indicate that while partial recovery of the E-cell phenotype and cell-cell adhesive activity occurs after restoration of E-Cadherin expression in dissociated HCT-8 cells, complete restoration of the E-cell phenotype likely requires multiple components in addition to E-Cadherin.
DISCUSSION AND CONCLUSIONS
The studies reported here describe a remarkable influence of the mechanical microenvironment on the behavior of HCT-8 colon cancer cells in vitro. Exposure of HCT-8 cells to PA gel substrates of appropriate mechanical stiffness triggers a profound stable transition, from an epithelial phenotype to a metastasis-like phenotype (MLP). The dissociated HCT-8 cells display a number of in vivo metastatic hallmarks: cell dissociation from parent colonies, sustained proliferation and increased motility, downregulation of E-Cadherin expression, reduction of cell adhesion (both specific adhesion rate and nonspecific adhesion strength), and the stable cell-state-transition (1) (2) (3) 7, (19) (20) (21) (22) . It is known that E-Cadherin is downregulated in most, if not all, epithelial tumors during the progression to tumor malignancy (7, 20) , and presence of E-Cadherin can strongly suppress the invasiveness of malignant cells (44, 45) . Our finding that E-Cadherin upregulation only partially restored the MLP in the dissociated HCT-8 cells suggests E-Cadherin may play a downstream rather than an initial signal transduction role in the mechanosensing cascade. A number of reports have shown that normal tissue cells sense, adjust, and change their function in response to their mechanical microenvironment as much as they do in response to soluble chemical messengers (46) (47) (48) (49) (50) (51) . In particular, a mechanical-signal-mediated normal cell dispersal phenotype was reported in Guo et al. (52) . Here, it is reported that clusters of normal cells in contact with very soft (4.41 5 0.57 kPa) PA gel substrates remain as stable clusters. However, the clusters disperse and the cells dissociate from the clusters when they are in contact with stiffer substrates (12.40 5 1.61 kPa PA gel or polystyrene substrates). This substrate stiffness-driven dispersal and durotaxis (53) have been hypothesized to originate from the competition between cell-ECM versus cell-cell signals. As the substrate stiffness increases, cell-substrate adhesion dominates over cell-cell adhesion, leading to cell dispersal. Durotaxis of normal cells toward the stiffer substrates has widely been observed and reported extensively by various groups (46, (53) (54) (55) (56) . The dissociation of cancer cells from the cell clusters reported here is distinct from these earlier studies. In our studies, the HCT-8 cells first form clusters, and then disperse on the same soft substrate. Once dissociated, they no longer form clusters after replating on fresh soft or hard substrates-i.e., they lose their ability to sense substrate stiffness. To our knowledge, this type of mechanosensing phenomenon leading to a stable change in the MLP has not previously been reported in the literature.
Our finding raises an important question: How can a change in cell substrate softness induce such a stable metastatic phenotype?
Although the exact downstream signal pathways of MLP are yet to be discovered, integrins are believed to be one of the mechanosensors (57,58), because they transduce extracellular forces to intracellular cytoskeleton via focal adhesion complexes. The extracellular forces are in turn balanced and generated by forces within the cytoskeleton (51, 59) , powered by motor proteins such as myosin (37) (38) (39) . The magnitude of the intracellular force depends on the actomyosin machinery, and how much pulling the external environment can resist (60) . The harder the substrate, the higher are the intracellular forces (46) . These forces may cause conformational changes in both the extracellular and intracellular components which may activate cryptic reaction sites, and initiate biochemical signaling cascades (47, 61) . Because the nucleus is connected to the cell cytoskeleton (38) , intracellular forces are also transduced to the nucleus through long-distance force transmission (39) which may alter gene and protein expression (40, 62) , and a change in cell functionality. The long time (seven days of culture or 5-6 generations) required for the MLP transition of HCT-8 cells on 21~47 kPa substrates suggests a slow process, initiated by mechanotransduction and resulting in stable genetic changes. Inhibition of MLP by blebbistatin suggests that intracellular forces generated by myosin II play a role in the mechanotransduction pathway. Taken together, it appears that an appropriate amount of intracellular force, a consequence of the substrate softness, mediates the MLP.
Although the dissociated HCT-8 cells have many of the hallmarks of metastasis, such as low E-cadherin, low adhesion, stable cell-state transition, rapid and directed motility, and high cell proliferation, animal models will be essential for verifying their metastatic potential. There is, however, one experimental result suggesting that the dissociated HCT-8 cells might indeed be more metastatic. Two research groups (63) (64) (65) (66) independently showed that during culture of HCT-8 cells in standard tissue culture flasks, a few rounded isolated cells (R cells) appear only on top of confluent epithelial monolayer (E cells). Although these studies did not relate the E to R transition with mechanical microenvironment in any form, we suspect that this transition might have been triggered by the soft environment of the apical surface of HCT-8 monolayer. We measured the micromechanical modulus of HCT-8 monolayer using AFM, and found it to be 3.39 5 1.68 kPa (Fig. S1) . Interestingly, the harvested R cells showed high metastatic invasiveness in both animal models and in vitro embryonic heart invasion assays (63, 66) .
In summary, our study raises the question whether the onset of in vivo metastasis is fundamentally linked with the tumor mechanical microenvironment-a paradigm that might have been largely overlooked in the understanding of cancer progression. If so, then soft cell culture substrates offer an attractive potential of developing in vitro metastatic models for both cancer drug screening and for mechanistic studies of the early phase of metastasis.
SUPPORTING MATERIAL
One equation, one table, 11 figures, and two movies are available at http:// www.biophysj.org/biophysj/supplemental/S0006-3495(10)01029-5.
